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Abstract
Optical sensors offer important advantages for sensing applications, compared to their electronic counterparts. These include 
electrical passiveness and insensitivity to electromagnetic interference. Of considerable interest are large two-dimensional arrays 
of optical sensors, fabricated in polymers using printing techniques. We describe here the design of waveguide-Bragg-grating-
based temperature sensors, fabricated by replication technologies.
In contrast to silica fibers, thermal sensitivity of polymeric waveguide Bragg gratings is strongly dependent on the chemical and 
physical material properties. We introduce simulation results for waveguide and grating design and describe major differences 
between silica-based and polymeric waveguides with respect to their thermal expansion and thermo-optic coefficients.
© 2014 The Authors. Published by Elsevier Ltd.
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1. Introduction
Temperature monitoring in a harsh environment is crucial for various industrial applications. Especially under 
high electromagnetic interference or chemically active environments silica-based fiber Bragg gratings (FBGs) offer 
an attractive alternative to overcome limitations of electronic sensors [1-3].
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Fabrication of commercial FBGs takes advantage of the photosensitivity effect of germanium-doped silica. Ultra-
violet (UV) irradiation results in a permanent refractive index change in the exposed regions [4]. Interference 
lithography or a phase mask generates a periodic UV-pattern to achieve the desired grating period [5, 6].
Bragg grating sensors made of polymers eliminate the necessity of complex optical setups for generating nano-
scale interference patterns, allowing low-cost and large-scale fabrication by industrially established mass production 
techniques such as hot embossing and micro-imprint.
As shown by Hanemann et al [7] optical and mechanical characteristics of polymers can be tuned in a broad 
range, allowing a high degree of freedom for waveguide and sensor design. However, due to complex chemical and 
physical properties of polymers, additional parameters for design and choice of materials must be taken into 
consideration to ensure high sensitivity and proper functionality of polymer based sensors [8].
We here discuss the design of a polymeric Bragg grating based optical temperature sensor for operation in the 
visible wavelength range.
Nomenclature
Ȝ wavelength
ȜB Bragg wavelength
n refractive index
Neff effective refractive index
ȁ grating period
Į thermal expansion coefficient
dn/dT thermo-optic coefficient
T temperature
2. Temperature sensing with Bragg gratings
A waveguide Bragg grating consists of a periodic perturbation of the refractive index along the waveguide’s core, 
which results in an optical band-stop filter. Excited by a broadband light source it transmits the main part of the 
optical spectrum, except of a narrow wavelength band, which is reflected. Therefore, a dip in transmitted spectrum 
occurs as shown in Fig. 1. The peak reflectivity lies thereby at the resonant wavelength of the grating, the Bragg 
ZDYHOHQJWKȜB.
Fig. 1. Sample transmission spectrum of a Bragg grating excited by a broadband Gaussian light source. Main part of the spectrum is transmitted. 
However, a narrow band of wavelengths at the Bragg wavelength ߣB is reflected resulting in a dip in the transmission curve.
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The spectral position of the Bragg wavelength is proportional to the effective refractive index of the waveguide 
Neff DQGWRWKHJUDWLQJSHULRGȁ [8]:
/ effB 2NO . (1)
Sensory function of Bragg gratings bases on the spectral shift of the Bragg wavelength ¨ȜB due to changes in the 
grating period and the effective refractive index of the waveguide. The thermal dependency of both effects is
described through the thermo-optic coefficient (TOC) dn/dT and the thermal expansion coefficient (TEC) ĮRIWKH
waveguide core material:
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Although the quadratic term of equation (3) introduces a non-linearity into the output signal, its prominence is 
strongly dependent on the thermal coefficient values of the used materials. 
As shown in Table 1, in case of fused silica the TOC dn/dT(SiO2) = 6.7×10-6 K-1 is considerably higher than the 
related TEC Į(SiO2) = 0.55×10-6 K-1. The product of the coefficients is almost six orders of magnitude lower than
their sum. Therefore, the quadratic term of equation (3) EHFRPHV QHJOLJLEOH DQG¨ȜB can be considered linear to 
temperature changes. &RQVHTXHQWO\ȜB shifts towards longer wavelengths with increasing temperature, requiring a 
spectral resolution of 4 – 5×10-3 nm to resolve temperature change of 1 K at 658 nm.
Polymeric materials possess higher thermal and thermo-optic coefficients than fused silica, allowing increased 
sensitivity of the gratings to temperature changes. However, most optical polymeric materials show negative TOCs 
in the same order of magnitude as their positive TECs. Therefore, the quadratic term of equation (3) becomes more 
prominent for polymeric materials, revealing a significantly higher complexity of the thermal behavior compared to 
silica fibers. Both thermal effects act against each other, requiring a very careful selection and characterization of
the used materials.
Typical values for polymethyl-methacrylate (PMMA) of dn/dT(PMMA) = í120×10-6 K-1 and Į(PMMA) = 
70×10-6 K-1 [10] result in a comparable sensitivity to temperature changes as silica fibers, revealing a negative Bragg 
wavelength shift with increasing temperature.
            Table 1. Optical and thermal properties of common optical materials.
Optical material Refractive index n
at 658 nm
Thermal expansion coefficient
10-6 K -1 [10]
Thermo optic coefficient
10-6 K -1 [10]
Polymethyl-methacrylate (PMMA) 1.488 [9] 36 í 70 -105 í -120
Polystyrene (PS) 1.585 [9] 60 í 80 -120 í -140
Polycarbonate (PC) 1.578 [9] 66 í 70 -107 í -143
Styrene-acrylonitrile 1.562 [9] 64 í 67 -110
Fused silica 1.456 [10] 0.55 6.7
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3. Design of waveguides and grating structures
3.1. Waveguide design
Müllner et al. [11] deliver detailed descriptions for calculation of the design data of single-mode rib waveguides. 
This approach was used for calculation of the waveguide geometry introduced in this section.
Although single mode behavior is not mandatory for proper operation, it increases the sensitivity and accuracy of 
the sensor due to sharper reflection peaks and allows a more precise detection of the Bragg wavelength. In this 
design example we therefore integrate the grating into a single-mode inverted rib waveguide. Table 2 contains the 
relevant design parameters to ensure the single-mode condition [11].
             Table 2. Design parameters for the used single-mode inverted rib waveguide.
Design parameter Value Unit
݊஼ Cap refractive index 1 (Air)
݊௚ Core refractive index 1.5
݊௦ Substrate refractive index 1.488 (PMMA)
ܪ  Guide height 4 μm
ݓ  Guide width 10 μm
݀ Etch depth 0.5 μm
3.2. Fabrication of waveguides
The designed waveguides were fabricated via hot embossing in a PMMA substrate. The corresponding stamps 
were processed of silicon in a clean room, as shown in Fig. 2. After structuring of the photoresist through a 
chromium mask raised structures with etch depth ݀ were generated by an inductively coupled plasma (ICP) etching 
of a 4-inch-wafer.
(a)
(b)
(c)
After resist stripping, the fabricated stamps can be directly used for hot embossing into a PMMA substrate,
yielding groves, shown in Fig. 3. The liquid polymeric core layer can then be deposited via spin-coating and cross-
Fig. 2. Clean room fabrication of silicon stamps for hot embossing of the waveguides into PMMA. (a): photolithographic structuring of the 
man1420 negative photoresist (micro resist technology GmbH, Berlin, Germany); (b): ICP-ethching through the resist mask; (c): structured 
silicon stamp.
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linked by temperature or UV-exposure. Optionally a solid cap layer can be attached on top of the core layer prior to 
cross-linking.
(a)
(b)
(c)
(d)
3.3. Grating design
The Bragg grating is realized as a periodic variation of the etch depth ݀ between 300 and 500 nm, as shown in 
Table 3 and Fig. 4, resulting in a variation of the effective refractive index of the waveguide core. 
For grating fabrication via hot embossing commercially available silicon nanostamps (LightSmyth Technologies, 
Eugene, USA) with a rectangular grating profile and a duty-cycle of 50 % will be used.
Table 3. Design parameters for a Bragg grating based temperature sensor, integrated into an inverted rib waveguide; all values at 20 °C.
Design 
parameter
Value Unit
ȟ݀ Bragg grating depth 0.2 μm
Ȧ Bragg grating period 0.22 μm
L Bragg grating length 2000 μm
ߣ஻ Corresponding Bragg 
wavelength
659.19 nm
Į Coefficient of thermal 
expansion
70×10-6 K-1
dn/dT Thermo-optic coefficient -120×10-6 K-1
4. Simulation
The following simulations were performed by RSoft GratingMOD™ (Synopsys, Inc.) mode solver, based on a
modified transfer-matrix method. Thereby the waveguide Bragg grating is divided into a stack of homogenious 
layers and a transfer matrix for the field vectors is calculated for each layer according to Maxwell’s equations. 
Reflection and transmission properties of the system are derived from the combination of the layer matrixes to a 
single system matrix.
Fig. 4. Buried Bragg grating in an inverted rib waveguide.
Fig. 3. (a) PMMA substrate and a silicon stamp fabricated as shown in Fig 2; (b) Hot embossing of the waveguides into the PMMA 
substrate; (c) filling of the hot embossed groves with the liquid core material; (d) a polymeric cap layer can be attached to the waveguides 
prior to crosslinking of the core, if desired.
707 Stanislav Sherman and Hans Zappe /  Procedia Technology  15 ( 2014 )  702 – 709 
Refractive indexes of the core layer and the substrate as well as the temperature-induced variation of the grating 
period were calculated for temperature values in range between -20 °C and 100 °C according to the parameters from
section 3. Subsequently transmission spectra for the sensor were simulated to determine the thermal dependency of 
WKH%UDJJZDYHOHQJWKȜB.
Fig. 5 shows the simulated transmission spectrum of the designed Bragg sensor at 20 °C. The calculation of the 
Bragg wavelength due to equation (1), requires a determintion of the effective refractive index Neff. This quantity 
depends on various parameters and cannot be easily calculated. However, Bragg wavelength, calculated with the 
core refractive index ng instead of Neff delivers lies at approximately 660 nm, which is a good starting point for 
estimation of the grating geometry.
Fig. 5: Simulated transmission of the designed Bragg sensor at 20 °C: the Bragg wavelength is in the middle of the visible spectrum. The full 
width at half maximum (FWHM) of 0.116 nm allows robust peak detection with commercially available spectrometers.
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Fig. 6 shows the shift of ȜB, resulting from the temperature variation in the waveguide. As shown in section 2, the 
negative refractive index shift due to thermo-optic effect dominates the slope of the curve. The dependency is 
considered linear in the analyzed temperature range with a slope of -6.85×10-3 nm K-1, representing the thermal 
sensitivity of the simulated sensor.
However, properties of the same polymeric material may vary in a broad range depending on the cross-linking, 
chain length and molecular weight of the monomer. To visualize this dependency the same waveguide geometry 
was simulated for dn/dT = -111×10-6 K-1 and Į = 75×10-6 K-1. This combination was also reported to be valid for
PMMA in literature [8]. Fig. 7 shows a quadratic thermal dependency of the sensor, operating outside of its linear 
region for this material. Therefore, a careful characterization and control of the material properties are necessary to 
achieve a linear sensor response curve and optimize the sensitivity of the device.
Fig. 7: Sensor response curve for different values of dn/dT = -111×10-6 K-1 and Į = 75×10-6 K-1, all further parameters remain unchanged.
Temperature dependency becomes strongly non-linear, quadratic behaviour dominates. The simulated sensor is operating outside of its linear 
region. 
Fig. 6: Temperature-induced shift of the Bragg-wavelength; as expected from Section 2, ȜB shifts towards shorter wavelength with raising 
temperature due to the dominating negative thermo-optic coefficient. The dependency is considered linear with a sensitivity of                        
-6.85×10-3 nm K-1.
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5. Conclusion
Performed simulations demonstrate that polymer-based Bragg temperature sensors can compete with silica-based 
fiber Bragg gratings in terms of sensitivity and offer an attractive alternative for low-cost fabrication. However, the 
relation between temperature change and sensor signal is more complex than in silica fibers. The signal of polymer-
based sensors is affected by the temperature dependency of the refractive index (thermo-optic effect) and on the 
thermal expansion of the waveguide. The latter effect is negligible in silica fibers.
Therefore, an accurate characterization of both material properties and a precisely controlled fabrication process 
are required to achieve the desired sensitivity and proper operation of the designed device.
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